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Abstract

 NASA Glenn Research Center and the Department of
Energy (DOE) are developing a Stirling convertor for an
advanced radioisotope power system to provide spacecraft
on-board electric power for NASA deep space missions.
NASA Glenn is addressing key technology issues through
the use of two NASA Phase II SBIRs with Stirling Tech-
nology Company (STC) of Kennewick, WA. Under the
first SBIR, STC demonstrated a 40 to 50 fold reduction in
vibrations, compared to an unbalanced convertor, with a
synchronous connection of two thermodynamically inde-
pendent free-piston Stirling convertors. The second SBIR
is for the development of an Adaptive Vibration Reduc-
tion System (AVRS) that will essentially eliminate vibra-
tions over a mission lifetime, even in the unlikely event
of a failed convertor. This paper discusses the status and
results for these two SBIR projects and also presents re-
sults for characterizing the friction factor of high-porosity
random fiber regenerators that are being used for this
application.

Introduction

 NASA Glenn Research Center and the Department of
Energy (DOE) are developing a Stirling convertor for an
advanced radioisotope power system to provide spacecraft
on-board electric power for NASA deep space missions.
Stirling is being evaluated as an alternative to replace
Radioisotope Thermoelectric Generators (RTGs) with a
high-efficiency power source. The efficiency of the Stir-
ling system, in excess of 20 percent, will reduce the nec-
essary isotope inventory by a factor of 3 or more
compared to RTGs. Stirling is the most developed conver-
tor option of the advanced power concepts under
consideration [1,2].
 DOE is developing the radioisotope Stirling convertor
under contract with Stirling Technology Company (STC)

of Kennewick, WA [3,4]. Two 55-We convertors are now
being tested in a dynamically-balanced opposed arrange-
ment. A single convertor is shown in figure 1 while fig-
ure 2 shows a pair of convertors on test.  NASA Glenn is
providing technical consulting for this effort under an
Interagency Agreement with DOE.  
 The design of the 55-We Stirling convertor is based on
previous successful STC development efforts, particularly
those for the 10-We RG-10 radioisotope terrestrial conver-
tor and the 350-We RG-350 aimed at commercial cogen-
eration and remote power [5]. STC has developed product
lines for both power sources and cryocoolers. A remote
power generator set with the RG-350 is shown in fig-
ure 3. One RG-10 has now been on life test for over
50,000 hours (5.7 years) with no convertor maintenance
and no degradation in performance. Two RG-10 convertors
are awaiting isotope fueling and subsequent field testing.
Multiple units of the RG-350 and their companion Be-
COOL cryocoolers have accumulated over 60,000 total
hours of operation, much of this at independent third-party
test sites. Finally, STC has also completed extensive
component life testing and, in particular, has over
1000 years of total test time (230 flexures) on the critical
flexural bearings. These numerous test hours on various
systems and on key components provide a high confi-
dence that the 55-We convertor will meet its life and re-
liability goals.
 The 55-We convertor uses the following proven STC
long life design approaches: non-contacting moving parts
with flexural bearings and non-contacting clearance seals,
no lubrication, an integral alternator inside the pressure
vessel, hermetic sealing, and Inconel 718 for the hot-end
material. The use of Inconel 718 allows the necessary
long lifetimes at a hot-end temperature of 650 ºC. In-
creased efficiency and/or decreased radiator size can be
achieved by using advanced hot-end materials operating
at a higher temperature.
 As part of the overall radioisotope Stirling develop-
ment, NASA Glenn is addressing key technology issues
through the use of two NASA Phase II Small
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Figure 1.—DOE/STC 55-We convertor.

Figure 2.—Two opposed 55-We convertors on test.

Figure 3.—350-We RG-350 remote power generator set.

Business Innovation Research (SBIR) contracts with
STC. Under the first SBIR, STC demonstrated a synchro-
nous connection of two thermodynamically independent
Stirling convertors and a 40 to 50 fold reduction in vibra-
tions compared to an unbalanced convertor. This connec-
tion method is now being used to connect the DOE/STC
55-We convertors. The second SBIR contract is for the
development of an Adaptive Vibration Reduction System
that will essentially eliminate vibrations over a mission
lifetime and will have the ability to adjust to any chang-
ing convertor conditions over the course of the mission.
 NASA Glenn has been investigating Stirling isotope
power systems for deep space missions since about 1990.
This work grew out of earlier Stirling efforts conducted for
DOE for a Stirling automotive engine and for the NASA
Civil Space Technology Initiative (CSTI) to develop Stir-
ling for a nuclear power system to provide electrical
power for a lunar or Mars base. NASA Glenn also pro-
vided technical management for DOE for the Advanced
Stirling Conversion System (ASCS) terrestrial dish Stir-
ling project. Overall, NASA Glenn has been developing
Stirling technologies since the mid-1970’s.
 In support of DOE, Orbital Sciences Corporation (OSC)
has completed system studies for a Stirling radioisotope
power system for deep space missions [6,7]. The system
was based on a STC Stirling convertor design. OSC has
analyzed power system layouts using either two or four
convertors and conceptualized the GPHS and radiator
interfaces. The choice of two or four convertors per power
system is dependent, in part, on system redundancy re-
quirements. One possible OSC system configuration is
shown in figure 4. Lockheed Martin is also now evaluat-
ing Stirling radioisotope power system designs for DOE.
 Systems using Stirling convertors are also being ana-
lyzed by NASA Glenn for other space applications includ-
ing solar dynamic power systems for space-based radar [8]
and as a deep space alternative to the radioisotope sys-
tem, a combined electrical power and cooling system for
a Venus lander, and lunar/Mars bases and rovers.

Figure 4.—Orbital Sciences Corp. system concept [7].

Stirling
Convertors

GPHS Modules

Heat Pipe

Radiator
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Synchronous Operation of Opposed
Stirling Convertors

 STC, as part of a NASA Phase II SBIR contract, has
successfully demonstrated synchronous operation of two
thermodynamically independent free-piston Stirling con-
vertors with linear alternators connected electrically in
parallel. Previous Stirling development had focused on
single convertors and had not addressed how to connect
multiple convertors in a system. However, in most poten-
tial space applications, multiple convertors are important
for redundancy and modularity. Thermodynamically inde-
pendent convertors may allow one convertor to fail with-
out affecting the performance of the other. Finally, the
use of multiple convertors is important to controlling vi-
brations, a critical issue for a dynamic space power sys-
tem. Synchronization of convertor pairs operating in an
opposed configuration provides balanced operation with
minimal vibration.
 Two RG-350 convertors were used for this development.
Initial efforts included computer simulations of multiple-
convertor connection methods and single-convertor base-
line testing of each of the RG-350 convertors. Each con-
vertor was tested separately over a range of hot-end and
cold-end temperatures and charge pressures. Approxi-
mately 5 g’s vibration was measured at the nominal con-
ditions for a single convertor.
 During multiple-convertor testing, synchronization was
achieved with the two convertors (see figure 5) operating
over a wide range of conditions. The frequency of each
convertor was identical, and the pistons operated nomi-
nally 180 degrees out-of-phase mechanically. The conver-
tors were connected electrically in parallel and
mechanically through external attachments on the cold-
end pressure vessels. A mechanical coupler was devel-
oped that aligns the two convertors and can compensate
for any inherent misalignments. Synchronization produced
a 40 to 50 fold reduction in vibrations compared to an
unbalanced convertor, a value that appears to be well
below pixel smear limits for deep space sensing. Equal
power generation between the two convertors was also
demonstrated under nominal conditions. This connection
method is now being used to connect the DOE/STC
55-We convertors.
 The synchronization was shown to be very robust by
testing at conditions of simulated degradation and by
transient testing. For one set of runs, the average hot-end
temperature of one convertor was varied widely while
holding the other convertor hot-end temperature nearly
constant at about 600 ºC. Synchronization was maintained
over this range, and figure 6 shows the effects on the
phase difference between the power pistons and the
maximum vibration measured on the two convertors.
Zero-degree phase lag indicates the pistons are operating
180 degrees out-of-phase mechanically. The maximum
vibration increased from 0.12 g to just 0.48 g over this
wide range of operation; this is compared to about 5 g’s
vibration for an unbalanced convertor. The convertor

    

Figure 5.—Stirling convertors synchronized for system 
   operation with low vibrations.
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Figure 6.—Response of the maximum vibration and phase
   lag between pistons when the hot-end temperature of 
   one convertor of a fully coupled pair is varied.
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Figure 7.—Response of the maximum vibration and phase
   lag between pistons when the charge pressure of one 
   convertor of a fully coupled pair is varied.

power output at the lowest temperature was about
20 percent of the power output for the convertor operating
at about 600 ºC.
 Charge pressure variations of up to 20 percent for one
convertor while maintaining constant charge pressure in
the other and constant power input to each were also
tested. Results for this case are shown in figure 7. Again,
synchronization was maintained, and only small increases
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in vibration were measured. These tests were run with an
earlier version of the mechanical coupler so the vibration
levels are somewhat higher than those shown in figure 6.
Power output remained essentially the same for each
convertor over this range; this was as expected from the
single-convertor test results.

 Transient data taken during various connections and
disconnections of the two convertors showed the ability to
achieve synchronization reliably and rapidly. No signifi-
cant transient overstrokes were seen or any other poten-
tially damaging results. Figure 8 shows transient traces for
the piston and displacer motions, voltage, current, and
vibrations from one convertor when the other convertor is
disconnected and shut down. The convertors are synchro-
nized at nominal conditions at the beginning of the tran-
sient. The only noticeable effect is the increase in the
vibrations of the now electrically uncoupled convertors.
 Some transient effects were found when the two con-
vertors were connected while operating at nominal condi-
tions. Typically, an acceleration spike to about 6 to 10 g’s
was seen and may be due to the two convertors being
briefly in-phase mechanically after the coupling. This
transient settled out in about 15 cycles (1/4 sec.), after
which the vibration level was stable at the very low val-
ues achieved with synchronization. If necessary, this tran-
sient could be mitigated by adding an extra load briefly
on the alternator output while connecting the convertors
to dampen the piston motions during the transient.
 Successful system operation was demonstrated with the
two synchronized convertors feeding a battery charger
load, as would most likely be used in a radioisotope
power system. Four standard automotive batteries were
connected in series and tests run over a range of convertor
hot-end temperatures and battery state-of-charge. Opera-
tion was found to be essentially the same as when dissi-
pating power to the controller internal load resistors.

Figure 8.—Transient response when the parallel electrical
   connection is broken and one convertor is shut down.

 Tests were also run with the electrical coupling only
and with the mechanical coupling only. With only the
electrical coupling, the convertors synchronized as be-
fore; however, there was no reduction in vibrations as
there was no mechanical connection between the conver-
tors. With only the mechanical coupling, there was at
most a weak synchronous connection, and the vibrations
were similar to a single unbalanced convertor.
 A further innovation during this SBIR project was the
demonstration of an artificial neural network (ANN) that
could potentially monitor the health of a convertor using
only non-invasive instrumentation that does not penetrate
the convertor pressure vessel. The ANN successfully pre-
dicted piston and displacer amplitudes and phasing for a
10-We RG-10 convertor using voltage, current, and rejec-
tion temperature as the only inputs. Simulated pressure
degradation for one of the fully coupled RG-350 conver-
tors was also successfully tracked using current, current-
voltage phasing, and output power for each convertor as
inputs. It is felt that the ANN has a high probability of
detecting any convertor degradation that may occur with-
out needing any internal instrumentation that would de-
crease the convertor reliability. This could then allow the
system controller to adjust operation to maximize system
performance.

Adaptive Vibration Reduction System

 Under a second NASA Phase II SBIR, STC is develop-
ing an Adaptive Vibration Reduction System (AVRS)
that will further reduce vibration levels by a factor of 10
or more under normal operating conditions. It will achieve
this with an active balance system with feedback from a
vibration signal and will cancel the fundamental vibration
and up to 10 harmonics. Even more importantly, the
AVRS will be adaptive and will add the ability to adjust
to any changing convertor conditions over the course of a
mission. Thus, it should allow successful dynamic balanc-
ing over the mission lifetime and will be able to demon-
strate its adaptive ability through up-front testing. The
AVRS is now being developed on two RG-350 convertors
and will also be demonstrated on the DOE/STC 55-We
convertors.
 The AVRS will use a balance mass driven by a sepa-
rate linear motor; only one balance mass and motor are
needed for two opposed Stirling convertors. A balance
mass and motor to be used in the first AVRS testing with
the RG-350 convertors is shown in figure 9. The vibration
signal will be measured with either a load cell or an ac-
celerometer. A fast Fourier transform of this signal will
then be used to construct a compensation signal that will
be sent to the balance motor through a power amplifier.
Both the amplitude and phase of each harmonic will be
adjusted. The motion of the balance mass center-of-
gravity will be opposed to and proportional to the motion
of the center-of-gravity of the combined system of two
pistons and two displacers. The AVRS will adjust to any
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Figure 9.—AVRS balance mass and motor for RG-350 
   testing.

change in convertor operating conditions, any convertor
degradation that may occur over a mission, or even in the
unlikely event of a failed convertor.
 Stirling cryocoolers are currently used to cool vibration-
sensitive sensors in space applications. STC has demon-
strated a cryocooler vibration level of only 0.007 g’s using
similar technology to the AVRS. This technique has been
shown to be effective with reasonable power and mass
budgets. One key difference for balancing power conver-
tors is that the frequency is not fixed as it is in coolers.
Thus, the frequency must be measured on a continual
basis and factored into the control algorithm.
 A further task of this contract will demonstrate a pas-
sive heat rejection system for the 55-We convertor. A
copper/water heat pipe was used in the OSC system con-
cept shown in figure 4 to transport the convertor’s rejected
heat to the radiator.

Friction Factor Characterization for
High-Porosity Random Fiber
Regenerators

 As part of the Interagency Agreement with DOE, NASA
Glenn performed a review of the DOE/STC 55-We con-
vertor design. This review included modeling the conver-
tor performance with the HFAST Stirling code and
comparing the results to the predictions from the GLIMPS
code used by STC to design the convertor. The two codes
predicted similar convertor performance when the regen-
erator friction factors were adjusted to be similar for each
code. Without this adjustment, the regenerator friction
factor correlations and consequent pressure drop losses
showed significant differences at the high regenerator
porosities (90 to 96 percent) being considered for this
low-power convertor design.
 Both GLIMPS and HFAST include a porosity depend-
ence in their friction factor correlations. However, HFAST
has a much higher sensitivity to this than does GLIMPS,

for both screen and random fiber regenerators. Conse-
quently, the HFAST friction factor for a 94 percent poros-
ity regenerator was nearly an order of magnitude larger for
screens and about 40 percent larger for random fibers than
that used by GLIMPS over most of the Reynolds number
range. The friction factor correlations for both codes agree
well at 78 percent porosity for both types of regenerators.
 Gedeon, in his final report on regenerator pressure drop
and heat transfer testing in oscillating flow at Ohio Uni-
versity [9], concluded that he could not determine any
porosity dependence for the range of screens and felts
(random fiber) that were tested in that project. These
covered porosities of 62 to 78 percent for screens and 69
to 84 percent for felts. The HFAST manual states that its
screen regenerator friction factor is based on Kays and
London data and appears to be the same as used in an
earlier version of GLIMPS. Kays and London show that
their test data were taken for a range of porosities of 60 to
83 percent for screens [10]. GLIMPS (version 4.0) now
uses relationships that are based, in part, on earlier test-
ing at Ohio University [11]. Pressure drop tests for steady
and oscillating flow were also completed by Sunpower,
Inc. with the same rigs that were later moved to Ohio
University [12]. These tests included regenerator porosi-
ties of 61 to 68 percent for screens and 80 to 84 percent
for random fibers.
 So it appears that neither code's friction factor correla-
tions are based on any regenerator test data at the porosi-
ties that were being considered for the  regenerator of the
Stirling radioisotope convertor. Due to this concern,
NASA Glenn recommended that a steady-flow pressure
drop test be completed on a high-porosity regenerator
sample to get good empirical data on the friction factor
for these regenerators. Heat transfer test data would also
be very important but are much more difficult to obtain. It
was felt that the straightforward pressure drop tests would
give at least some idea of the similarity of high-porosity
regenerators to those for which both friction factor and
heat transfer data exist.
 STC selected and then fabricated three random fiber
regenerator test samples, one each at approximately 80,
88, and 96 percent porosities. The wire diameter used in
all samples was 0.0009 in. (22 microns). A photomicro-
graph of a section of the 96 percent porosity sample is
shown in figure 10. The 80 percent porosity sample was
chosen to give a comparison to the correlations used in
GLIMPS and HFAST at a porosity level where they are
based on existing test data. STC also designed a test fix-
ture, with inputs from NASA Glenn, and then fabricated
this fixture to hold the samples for testing. Finally, STC
provided their desired flow rates for test.
 Testing was done at the Flow Calibration Laboratory at
NASA Glenn with air at 100-psia inlet pressure for all
samples. Flow conditions were chosen to cover the range
of Reynolds numbers that are expected to occur in the
Stirling radioisotope convertor and to include higher flow
rates that may be applicable to future convertor designs.
Tests were also run for the 96 percent porosity sample at
55-psia inlet pressure to check the effect of DP/P and in
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Figure 10.—Photomicrograph of 96 percent porosity 
   random fiber regenerator sample.
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the reverse flow direction (which showed no difference in
test results).
 The measured flow data were provided to STC. STC
and NASA Glenn first independently reduced this data to
friction factor and Reynolds number and then resolved
any significant differences. Friction factor versus Rey-
nolds number (based on NASA Glenn’s data reduction) is
shown for each of the samples in figure 11. It can be seen
that the curves for the 80 and 88 percent porosity samples
are very similar while the friction factor is significantly
higher for the 96 percent porosity sample.
 The friction factor curves for the 80 and 96 percent po-
rosity samples are compared with three correlations in
figures 12 and 13. The three correlations are the GLIMPS
and HFAST random fiber correlations and the latest corre-
lation based on test data taken at Ohio University [9]. All
three correlations agree well with the test data for the
80 percent porosity sample. For the 96 percent porosity
sample, HFAST compares the best with the test data
(data shown is for 100-psia inlet pressure only) at the
lower Reynolds numbers, 0 to 300, which was the ex-
pected range for the Stirling radioisotope convertor de-
sign. However, for the 88 percent porosity sample, the
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GLIMPS and Ohio University correlations compared the
best with the test data while the HFAST correlation
yielded a higher friction factor (results not shown).
 Following analyses of these results, STC decided to
use the GLIMPS correlation for all regenerator porosities
up to 88 percent. They then derived a relationship based
on the GLIMPS friction factor for 88 percent porosity and
the 96 percent porosity test data (average of the curves
for 55- and 100-psia inlet pressures) that interpolates be-
tween these for porosities from 88 to 96 percent. Figure 14
shows the GLIMPS friction factor curve for 88 percent
porosity and the two test data curves for the 96 percent
porosity sample over the Reynolds number range of
0 to 350.
 STC GLIMPS results with the new friction factor input
for 88 to 96 percent porosities showed that the final opti-
mized regenerator design porosity was reduced from the
previous 96 percent to 90 percent. This 90 percent poros-
ity was then used for the actual 55-We convertor. It
should be kept in mind that no adjustments were made to
the heat transfer correlation used in GLIMPS for the
higher porosities. NASA Glenn is now setting up a regen-
erator test rig for another project that could potentially
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perform heat transfer testing on high-porosity random fiber
regenerator samples.

NASA Glenn Supporting Technology
Development Plans for the Stirling
Radioisotope Convertor

 Plans have been proposed for further Stirling
technology development at NASA Glenn in support of
developing the Stirling radioisotope power system for
deep space missions. Identified tasks include controls
development and performance verification through in-
house testing of RG-350 and 55-We Stirling convertors,
structural life assessment of the Stirling heater head,
materials and joining evaluations, finite element analysis
(FEA) of a lightweight linear alternator concept, thermal
aging tests of the linear alternator permanent magnets,
demonstrating convertor operation under launch and orbit
transfer load conditions, and a radiator conceptual design.
The vibration test facility of the Structural Dynamics
Laboratory at NASA Glenn is shown in figure 15. This
facility will be used for any testing under launch and orbit
transfer loads. These proposed tasks build on NASA Glenn
expertise developed as part of previous Stirling research,
especially for the Stirling space power development
during the NASA CSTI project [13-15]. These tasks were
identified in the appropriate areas where value-added
development is provided as part of the overall Stirling
radioisotope effort.

Summary and Concluding Remarks

 NASA Glenn Research Center and the Department of
Energy are developing a Stirling convertor for an ad-
vanced radioisotope power system to provide spacecraft
on-board electric power for NASA deep space missions.
Stirling is being evaluated as an alternative to replace

   Figure 15.—Vibration Test Facility at NASA Glenn.

RTGs with a high-efficiency power source. STC, under
contract to DOE, is making rapid progress in developing
and demonstrating the 55-We convertor. Two 55-We con-
vertors are now operating in a dynamically-balanced op-
posed arrangement, and full electrical power output is
expected to be achieved by early summer 1999. Prelimi-
nary efficiency indications are also very encouraging. In
addition, STC’s numerous test hours on various related
systems and key components provide a high confidence
that the 55-We convertor will meet its life and reliability
goals.
 NASA Glenn is addressing key technology issues
through the use of two NASA Phase II SBIRs with STC.
Under the first SBIR, STC demonstrated a synchronous
connection of two 350-We thermodynamically independ-
ent Stirling convertors. STC achieved synchronization of
the two convertors over a wide operating range, showed a
40 to 50 fold reduction in vibrations compared to an un-
balanced convertor, and proved the connection to be ro-
bust and reliable through numerous transient tests. This
connection method is now being used to connect the
DOE/STC 55-We convertors. The second SBIR is for the
development of an Adaptive Vibration Reduction System
(AVRS) that will essentially eliminate vibrations over a
mission lifetime, even in the unlikely event of a failed
convertor. The AVRS will further reduce vibrations by a
factor of 10 or more under normal operating conditions
and, even more importantly, will add the ability to adjust
to any changing convertor conditions over the course of a
mission. Balance motors have been fabricated and base-
line tests completed; initial testing of the AVRS is ex-
pected to begin shortly.
 In support of the design effort for the 55-We convertor,
NASA Glenn and STC determined the friction factor
characteristics of high-porosity random fiber regenerators.
Results for a 96 percent porosity regenerator sample were
found to vary significantly from those for 80 and
88 percent porosity samples. The results at 80 and
88 percent porosity agreed well with the correlation used
in the GLIMPS computer code. STC derived a revised
correlation for random fiber regenerators with porosities
between 88 and 96 percent based on these results. New
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optimizations with this correlation led to changing their
regenerator design porosity from 96 to 90 percent.
 Plans have been proposed by NASA Glenn to provide
further support for the Stirling radioisotope power system
development in the areas of convertor, component, and
materials testing. Specific areas identified include con-
vertor performance verification, controls development for
multiple convertors and multiple system loads, heater
head structural life assessment, materials and joining
evaluations, magnet thermal aging tests, and demonstra-
tion of convertor operation under launch and orbit transfer
load conditions.
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